Two-dimensional exchange 35 Cl NQR spectroscopy has been applied for studies of the CCl 3 -group reorientation processes in chloral hydrate. The experimental results are interpreted on the basis of the 2D-exchange NQR theory, which takes into account the off-resonance irradiation. The pulse-optimisation procedure, which is required by this theory, enabled the detection of the 2D-exchange NQR spectrum and was applied to the quantitative study of the exchange processes in chloral hydrate. A temperature dependent study of the exchange rate revealed two different activation processes in the temperature ranges from 240 to 295 K and from 295 to 310 K, respectively.
Introduction
Molecular dynamics can be studied by conventional NQR spectroscopy based on the measurement of spin-lattice relaxation times, lineshape parameters and the temperature dependence of the resonance frequency. However, the amount of information provided by one-dimensional NQR spectroscopy is limited. The 1D NQR method is unable to assign the specific lines of the multiline NQR spectrum to the particular reorienting molecular groups and to provide information on exchange-pathways. Important improvements were achieved by introduction of the two-dimensional (2D) techniques. 2D exchange NMR spectroscopy was first suggested by Jeener et al. [1] . 2D-exchange spectroscopy involves a combined study of the distribution of nuclear environments, exchange rates, and pathways between the sites, which are distinguishable because of different resonance frequencies. The term "exchange" implies molecular rearrangements such as rotational jumps, provided that for NQR these motions are accompanied by NQR frequency shifts, i. e. by different electric field gradients.
A rotating molecule or group in a solid usually has a number of discrete positions with relatively high potential barriers between them. Therefore the ro-0932-0784 / 02 / 0100-0053 $ 06.00 c Verlag der Zeitschrift für Naturforschung, Tübingen www.znaturforsch.com tational correlation time is essentially the residence time of the molecule or group in a definite potential minimum, whereas the transition between the minima is very rapid. The direction of quantization changes jumpwise during the exchange process. Moreover, the NQR spectrum is usually spread over several hundred kHz. Thus the NQR lines are excited in offresonance conditions. As shown in our earlier paper [2] , the off-resonance irradiation critically influences the behaviour of the exchanging spin system. This is why the progress in multidimensional NQR has been hampered by experimental and conceptual difficulties. To our knowledge, only two attempts to use the pulse sequence of Jeener for NQR-exchange studies exist in the literature [3, 4] .
To explain many unsuccessful attempts we developed a theory, in which the mixing dynamics by exchange and the expected cross-peak intensities are derived as a function of the frequency offset [2] . The theory was illustrated by a study of the optimisation procedure, which is of crucial importance for the detection of the cross-and diagonal-peaks in a 2D-exchange spectrum. We have shown that the harmful off-resonance effects can be compensated for by using short pulses (about 2 µs). The application of this optimisation procedure allows us to obtain 2D-exchange E a = 7.1 kcal mol ;1 and E a = 14.5 kcal mol ;1 , respectively. These values are in accordance with spinlattice relaxation measurements by Chihara and Nakamura [6] and Kasprzak et al. [7] . This suggests that besides the hindered rotation of the CCl 3 group, activated above 240 K, there is another mechanism of relaxation that is activate above 290 K. Analysis of the known crystallographic structure of chloral hydrate leads us to the conclusion that this other mechanism is related to an order-disorder transition in which the hydrogen bonds are broken. The energies of hydrogen bonds of the type OH...O, extrapolated on the ground of Newton's results [9] to the lengths H...O = 0.1908 nm and 0.1933 nm, are 7.2 kcal mol ;1 and 5.8 kcal mol ;1 , respectively.
It seems justified to assume that above 295 K the quadrupole relaxation is a result of the joint influence of correlated rotation of the chloral hydrate molecule as a whole unit and breaking of the hydrogen bonds. This process may be a source of the change in the second moment of the NMR proton line from 12.9 Gs 2 to 7.9 Gs 2 observed above 305 K [10] .
Conclusions
In the present study it has been demonstrated that 2D NQR exchange spectroscopy is appropriate for quantitative studies of exchange processes in molecular crystals containing quadrupolar nuclei. In spite of the fact that the off-resonance irradiation critically influences the spin dynamics, the pulse optimisation procedure allowed us to obtain 2D-exchange spectra. Experimental results for chloral hydrate can be interpreted on the basis of the formalism presented in [2] . The very good agreement of the experimental results with theoretical predictions confirms the validity of the molecular-motion model. 2D-exchange NQR spectroscopy in chloral hydrate has allowed us to measure the activation energy and its temperature dependence. Two different activation processes were detected in the temperature range from 240 to 310 K.
